Abstract
Introduction

43
Eutrophication is subject of concern to managers since it is the main problem that im-44 pairs water quality of 30-40 % of water resources of all over the world (Hupfer and Hilt, 45 2008; Søndergaard et al., 2007) . The EU Water Framework Directive (Ec, 2000) estab-46 lishes that all Member States must implement measures to achieve a "good ecological 47 and chemical status" in water bodies by 2015. Since phosphorus (P) is the nutrient that 48 often limits primary production in freshwater, it is a basic requirement to reduce its con- release from lake sediments (P internal loading) under certain conditions usually delay 58 ecosystem recovery after a reduction in external P loading (Jeppensen et al., 1991; 59 recommended in low alkaline lakes where the limited buffering capacity is not enough 80 to prevent a decline in pH, and in these cases is necessary to add an alkaline buffer 81 along with the acidic Al salt (Reitzel et al., 2013) . Moreover, Al-rich sediment layers 82 reduce sediment consolidation degree, which hinders the establishment of macrophytes 83 and favors resuspension events and temporal P release (Egemose et al., 2010) . Even 84 more, it is important to consider that the effectiveness of these methods is also time- high Phoslock®: P mass ratio necessary for retaining P, which has been identified as 104 higher than 100:1 (Reitzel et al., 2013) , and its high price make this technique specially 105 unviable from an economic point of view in some circumstances.
106
As a result, new methods are required for lake restoration in order to overcome draw-107 backs of current practices. A large background of laboratory experiments has shown 108 that magnetic particles (MPs) are good and cost-effective pollutant adsorbents (Tang 109 and Lo, 2013). Among the main advantages for using these particles are their high sur-110 face area, which is responsible for a high adsorption capacity; a fast adsorption kinetic 111 and their magnetism properties (Huber, 2005; Tang and Lo, 2013 
120
In the case of P removal from aqueous solutions, it has been previously tested the con- being considered as efficient P adsorbents (P uptake efficiency is always higher than 124 80% whatever pH value from 6 to 9), MPs present a fast adsorption kinetic (less than 1 125 hour) and keep a high P removal efficiency when reusing them in subsequent removal 
127
In this context, the aim of this study was to assess the effect of adding MPs on P fluxes 128 across the sediment-water interface and on the sedimentary mobile P concentration. To 129 get these purposes, a microcosm experiment using sediment cores and lake water col-
130
lected from a hypereutrophic wetland (Honda lake, Southeast of Spain) was run under 131 both oxic and anoxic conditions. Similarly to Reitzel et in order to obtain Total P concentrations (Tot-P) in each fraction. Non-reactive P (NRP)
206
was calculated as the difference between Tot-P and o-P in each of these fractions. As a 207 result, organic P labile (Org-P Labile ) was calculated as the sum of NRP of the three first 208 fractions and represents more labile organic P compounds .
209
Among all P pools that define total P in sediment, only P Mobile is expected to contribute (Tot-Fe sed ) were determined on parallel by ashing the sediment samples (520ºC, 5.5 h)
214
followed by an acid hot digestion with 1 M HCl (120 °C, 1 h). In order to minimize the 215 intrinsic error of extraction process, P pools data were normalized according to Tot-P sed , 216 whichis supposed to be more accurate.
217
Soluble reactive P (SRP) was determined spectrophotometrically using the molybdenum 218 blue method proposed by Murphy and Riley (1962) .In the same extractants for P meas-219 urements, Fe was determined following the spectrophotometric ferrozine method pro-220 posed by Gibbs(1979) . In particular, the next fractions were distinguished: Fe →Water ,
221
Fe →BD , Fe →NaOH , and Fe →HCl .
222
Finally, sediment was also analyzed for dry weight (DW, %) at 105ºC for 24 h and loss 223 on ignition (LOI, %) at 520ºC for 5.5 h. 
238
During the experiment, cores were kept in darkness and at room temperature (23 ± 2ºC) 239 for 24 h. In total, six different treatments, which were run in triplicates, were consid- were still in sediment, all treatments amended with MPs evidenced a net P uptake by the 289 sediment in both, oxic and anoxic conditions (Fig. 1a) . In particular, P exchanges rates kept exhibiting a net P uptake by the sediment and no significant differences among 294 neither of them were noticed (Fig. 1b) . In anoxic conditions, the highest P release rate
295
(1.96 ± 2.52 µg P cm -2 day -1 ) was observed when no MPs were added (A-Control) 296 compared to treatments (A-T 1 and A-T 2 ). P efflux registered in A-T 2 (-1.27 ±0.28 µg P 297 cm -2 day -1 ) was significantly lower than that found in A-T l (p= 0.043) and in A-Control 298 (p= 0.011). By contrast, no significant differences were found between A-Control and
299
A-T 1 .
300
It is important to consider that P fluxes were measured before and after removing MPs As it can be seen in Fig.3 , Tot-P sed concentration decreased from 1022.26 µg P gDW -1 at 320 sediment surface to 847.37 µg P gDW -1 at 10 cm depth. As an average of the first 10 321 cm, the percentage of each P fraction with respect to Tot-P sed was: 1.6 (P →Water ), 16.0
322
(P →BD ), 5.7 (P →NaOH ), 0.5 (P →NaOH, Humic ), 54.2 (P →HCl ), 9.3 (Org-P Labile ) and 12.8 %
323
(P →HCl, Res ). Org-P Labile concentration reduced with depth. P →NaOH, Humic and P →HCl in-
324
creased slightly with depth whereas P →BD , P →NaOH and P →HCl, Res fractions kept practical-
325
ly constant at all depths. 
Changes in sediment composition induced by MPs addition
327
The percentage distribution of the seven P pools with respect to Tot-P sed was rather 
345
It is worth to remark that changes in P Mobile pool between treatment and controls were 346 mostly due to changes in Org-P Labile fraction, since no differences were noticed for 347 P →Water and P →BD after MPs addition. Because of that, next we focus on Org-P Labile frac- (Mortimer, 1971) . It is important to remark that under oxic conditions, sediment P ad-378 sorption capacity and thus, P transport across sediment-water interface is mainly con-
379
trolled by Fe →BD : P →BD molar ratio . In Honda lake, this molar ratio was 380 15:1 which is considerably higher than the molar ratio (8:1) required for trapping P in 381 the sediment .
382
By contrast, in anoxic conditions, P exchange rate across the sediment and water inter- 
Effect of adding MPs on P exchange fluxes across the sediment-water interface
404
and on Fe concentrations in water column.
405
Oxic treatments
406
On the one hand, sediment from Honda lake experienced a net P uptake from the over- 
Effect of adding MPs on sedimentary P pools
461
On the one hand, from initial sediment fractionation analysis we can conclude that 462 P →HCl pool which is not expected to contribute to internal P loading, is by fast the most 463 important P form in our sediment. In ecosystems with high alkalinity (as in our case) P 10 cm, has an outstanding importance as it can be used for predicting future internal P 470 loading. The three P pools contributing to P Mobile fraction (P →Water , P →BD , Org-P Labile )
471 consist of 37 % of Tot-P sed at surface sediment and decrease with depth up to 21% at 10 472 cm depth due to the well-known upward transport of P to upper sediment layers (Rydin, 473 2000), suggesting that these three pools do not contribute to burial flux of P in sedi-474 ments .
475
On the other hand, the addition of MPs has caused a reduction in P Mobile concentration 476 both in oxic and anoxic condition even in the deeper sediment layer (10 cm). In fact, the 477 presence of MPs is not restricted to surface sediment as they are characterized by a 478 much higher density (7.8 g cm -3 ) than sediment (1.1 g cm -3 ). Moreover, the high ionic 
Some considerations for lake restoration
504
In the framework of the whole available methods for lake restoration, MPs addition 505 could be considered as a method focused on increasing P export for reducing lake P to water column, destruction of benthic fauna and high costs are some of the negative 510 aspects about using sediment dredging (Petersen, 1982) . In this sense, MPs minimizes 511 impacts of resuspension and water column since they are more selective with sediment
512
(they have more affinity with sedimentary P forms). Next, we will summarize some 513 advantages of using MPs. First, P can be recovered from the aquatic ecosystem, which 514 allows the later potential use of P as P-containing fertilizers. P-Water P-BD Org-P-labile P-NAOH P-NaOH, Humic P-HCl P-HCl, Res 
